Agricultural environments can be very aggressive to building materials and components due to the speci"c physical and chemical agents present. It is therefore evident from several viewpoints that the consideration of the durability of building materials and components is an important aspect of design. Economic considerations, animal welfare, pollution control and environmental aesthetics are all linked with durable design. In this review, an overview of the existing knowledge on durability of di!erent building materials and components subject to this speci"c environment is given. The "rst part of the review focuses on the characteristics of the agricultural environment and the durability of timber structures. Di!erent farm buildings are examined, including animal houses for cattle, pigs and poultry; slurry pits; horticultural buildings; farm roads; and silos and other storage systems for agricultural products. The susceptibility to degradation of these buildings or their components is highlighted. The use of wood in agricultural structures, its deterioration and methods for protection are dealt with. The review reveals that little has been published about timber degradation in speci"c agricultural environments. Laboratory tests and "eld trials are mostly developed to simulate decay in timber either in contact with the ground or in above-ground structures. Recent research focuses on fungal decay and attack by insects and (seldom) bacteria on di!erent types of wood under a variety of environmental conditions (temperature, humidity, etc.). Methods to distinguish between fungi are proposed. Di!erent measures to quantify the degree of decay are investigated. New diagnostic methods for detecting incipient wood decay in vitro and in situ are developed. New wood preservatives are being proposed continuously, including di!erent methods to retard the leaching of boron from treated timber and the use of monomers that are polymerized in situ. Continuously, more attention is paid to the design of environmentally benign methods for preserving wood in service.
instance from the viewpoint of the competitiveness of the European agricultural industry. The cost of durability failure can be signi"cant. For example, it has been estimated that the annual cost of repair of reinforced concrete structures alone in Western Europe is in excess of 5 billion Euros. The proportion of this which applies to the agricultural sector is di$cult to quantify. However, a survey by the authors found that the proportion of construction output represented by the agriculture sector has varied from 2 to 30% in European regions over the past 10 years. Furthermore, additional costs may be incurred in rural communities through "nes to farmers for pollution and loss of tourism revenue (Frost, 1995) .
The consideration of the economics of a building involves both the initial cost and the lifecycle cost. Buildings with low initial cost may require considerable ongoing expenditure to maintain their serviceability. Agricultural buildings, particularly those which are grantaided, generally require a lifecycle cost which does not di!er signi"cantly in magnitude from the initial cost. This allows the farmer to budget for high, but possibly grantaided, once-o! costs rather than being faced with ongoing maintenance costs which may coincide with periods of economic downturn. The lifespan of agricultural structures varies but Robson (1992) states that, with a few exceptions, grant-aided buildings should have a minimum 20-year service life to assure adequate time for recovery of the investment.
The health and welfare status of animals can be in#uenced by the condition of the structures with which they have contact. The requirement for more welfarefriendly animal facilities coupled with a desire to maximize investment return, places increased demands on the durability of building materials. Floor slabs, for example, must maintain adequate surface characteristics over the service life of the structure if animal injuries are to be minimized while maximizing use of the facility. Agricultural structures may be designed to contain materials, some of which may pose a pollution threat. Leakage of silage e%uent, for example, poses a signi"cant pollution threat. Pollution incidents due to silage e%uent leakage in 1987 in England and Wales exceeded 1000 (Bloxham, 1992) and leakage of silage e%uent was determined to be the cause of up to a third of pollution incidents in Northern Ireland (Frost, 1995) . These problems may, in part, be due to a lack of durability in the containment structures. Culleton and Regan (1992) reported that up to 40% of concrete silos surveyed in the Republic of Ireland exhibited defects likely to present a potential pollution hazard.
The condition of agricultural structures can have a signi"cant in#uence on the quality of the environment from an aesthetic point of view (Frazzi et al., 1997) . Protection of the environment includes the production of structures which are designed to be appropriate for their setting. Furthermore, the structures must also have the ability to &grow old gracefully'. Deteriorated structures may, by economic necessity, be used beyond the time at which they have become an unattractive feature of the landscape. The production of durable structures can minimize these problems.
Design approaches for durability
Design for durability may be approached in two ways. The traditional approach is of a prescriptive nature based on experience. Alternatively, a design method (&explicit durability of design') based on quantitative models and identi"cation of speci"c durability threatening processes (Concrete Society, 1996) , may be employed once a better understanding of the processes which cause durability failure become available.
The most commonly used approach to durability speci"cation tends to be of a prescriptive nature. The recommendations are often based on empirical evidence, particularly past experience. A disadvantage of this approach is that empirical relationships are only valid as long as material properties are unchanged. This does not take account of developments. Developments in concrete practice during the 1960s, for example, included increases in the strength of cement, re"ned tolerances in mix design and batching procedures, and increased e$ciency through greater employment of statistical methods in quality control. The net result was the attainment of comparable concrete strength grades with lower cement contents. Water/cement ratios became appreciably higher than a decade earlier and this led to higher permeability concretes. The resulting loss of durability manifested itself a decade or two later (Somerville, 1986) .
The concept of a &design life' for structures involves an acceptance that the structure will deteriorate gradually over its lifetime and that a limit may be set for the degree of damage acceptable (Tuuti, 1982) . The level of acceptable damage might be determined by serviceability considerations (e.g. pollution control, animal welfare) more so than structural inadequacy. Two possible scenarios for a design life model may be considered, one of which assumes a gradual decay of the structure over time while the other takes account of planned maintenance (Somerville, 1984) .
The focus of durability research in support of harmonized European standards for concrete at present is towards evaluation of the rate-determining parameters, which in#uence deterioration. This may allow the introduction of the design life concept to practice. Further research is required to advance to the stage of establishing reliable mathematical relationships between the variables involved.
Research (e.g. Dhir et al., 1992; Hobbs, 1996) into the phenomena which threaten the serviceability of structures continues to yield signi"cantly greater understanding of the parameters in#uencing the rate of deterioration. This enhanced understanding will allow a more rational approach to the design and speci"cation of materials for durability than the empirical prescriptive approach. The adoption of explicit durability design (Concrete Society, 1996) would involve the determination of performance requirements speci"c to relevant deterioration mechanisms. These requirements would be checked on standardized test specimens or on the structure.
There will probably be a slow cultural change in the construction industry away from speci"cations reliant on empirical knowledge and towards the adoption of performance criteria. This will hopefully lead not only to economies and better use of diminishing resources but also to more durable structures.
Agricultural structures and their aggressive environment

Animal houses
The climate and the presence of aggressive agents in animal houses depends on a wide variety of factors, such as the characteristics of the housing system (layout and volume of the building, type of roof, thermal insulation, ventilation, handling of manure), the types of animals housed and the environment (sun radiation, temperature, air speed, relative humidity). For example, from measurements of gas concentrations from #oor level up to 0)3 m above #oor level in cattle and pig houses with slatted #oors in western and northern Europe, it was demonstrated (CIGR, 1989 ) that NH concentrations range from 2 to 50 p.p.m. (yearly mean: 4}13 p.p.m.). Scraping of manure from a #oor or mixing of slurry stored in a pit underneath a slatted #oor can, for a short period, raise NH and H S levels to over 50 p.p.m. (Zandstra, 1988) . Normal CO concentrations in animal houses are between 500 and 2000 p.p.m.
Floors in animal houses are frequently fouled with urine and faeces, containing the aggressive ions Cl\, SO\ , Mg> and NH> (Hoeksma, 1988; Ma rtensson, 1991; Mathiasson et al., 1991; Nilsson, 1993; De Belie et al., 1996) . Silage (e.g. maize, grass, beet pulp) and acidi"ed feed residues contain lactic and acetic acid and expose the #oor and metal equipment to relatively low pH values. Furthermore, products containing high concentrations of alkalines, ammonium or hypochloric acid may be used for disinfection. Floors in milking parlours are attacked by acids from spilled milk. Floors and equipment can also be eroded by high pressure from cleaning by waterhoses.
Dairy cattle
Dairy cattle are usually housed in loose (cubicle or non-cubicle) houses or tied housing systems (ADAS, 1994) . In a tie stall, the cows are kept on solid #oors with an adjacent open or covered gutter for collecting faeces and urine. Cubicle houses comprise cubicles (individual resting areas with solid concrete #oors, often covered with cow mats), walking passages, a feed passage and a central milking parlour. Silage is given at the feeding fence. At "rst, the walking area was constructed as a solid concrete #oor. Manure was removed with a scraper and stored in an above-ground silo. The introduction of slatted concrete #oors for the walking passages allowed construction of under#oor slurry pits.
Beef cattle
Traditionally, beef cattle were housed in straw-bedded sheds. The unavailability of straw in some areas (combined with its increased cost), the need to reduce labour requirements and the necessity to ensure manure was e$ciently managed, has encouraged the development of housing systems utilizing liquid manure storage. The majority of such systems use concrete slatted #oors above manure pits (Smits et al., 1995) . A central feeding passage is typically used with con"nement pens on either side. Silage can be fed either independently from concentrates or in combination. Variations in the design have evolved in some countries, including houses with partially slatted #oors, houses with #oors sloping towards narrow slurry channels and houses with slats over shallow pits from which the slurry #ows by gravity to an adjacent storage facility.
Pigs
The evolution in pig housing was almost parallel to the ones in beef cattle and dairy cow housing: up to the mid-1960s, the animals were housed on solid #oors with straw beds. The urine was drained to a small urine gutter and stored in a small pit. Manure and straw were removed by hand and stored outside the building. The introduction of slatted concrete #oors in sow and fattening pig houses led to the use of slurry pits to collect urine and faeces. Animal welfare legislation and the attempt to reduce ammonia emission from slurry pits have given rise to a move from fully to partly slatted #oor designs in some countries.
Poultry
Solid concrete #oors are used in poultry houses. Con-"nement cages are typically of steel construction. (Hoeksma, 1988) Slurry composition, g/l
Chemical component Cattle Fattening pigs¸aying hens
* According to the Kjeldahl method. 
Slurry pits and manure pits
Animal faeces and urine are stored in open or covered stores. Open stores are used only for outdoor storage, whereas covered stores are found both inside and outside the animal house (FreH nay and Bouquet, 1993) . Covering of stores can increase material deterioration because of mainly anaerobic chemical and biological processes in the slurry, leading to the formation of, for example, hydrogen sulphide, propionic acid and acetic acid. Moreover, aggressive sulphates and chlorides are present in the manure. Corrosion is especially severe if H S, due to turbulence or pH decrease, escapes into the atmosphere above the manure level. Once in the atmosphere, it can dissolve in condensed liquid layers or react with oxygen to elementary sulphur, which is deposited on the walls. There, the H S is transformed into sulphuric acid by sulphur oxidizing ¹hiobacilli bacteria (Parker, 1945; Gilchrist, 1953; Thistlethwayte, 1972; Derange`re & Cochet, 1991; Attal et al., 1992; Vincke et al., 1999) . This leads to biogenic sulphuric acid corrosion which is more severe than the corrosion by sulphuric acid below the manure level (Pluym-Berkhout et al., 1989) , mainly due to the local production of highly concentrated sulphuric acid, resulting in very low pH values of 1 or 2 (Mori et al., 1991) .
Di!erent types of manure can be distinguished: urine with a maximum dry matter content of about 3%; slurry, which is a mixture of urine, faeces, feed residues and water with a dry matter content of 2}20%; and solid manure with minimum 35}40% dry matter. The chemical composition of liquid manure, slurry and solid manure is given in Tables 1, 2 and 3, respectively (Hoeksma, 1988; BGG, 1989; NMI, 1989) . In solid manure, about 90}95% of the nitrogen is organically bound (FreH nay & Zilverberg, 1993) . This is only 30}50% and circa 5% for slurry and liquid manure, respectively (Boxberger et al., 1988) . Slurry has to be mixed regularly to facilitate pumping from the store. Covering of outdoor slurry stores may be demanded for environmental purposes because it reduces NH emission, but leads to accumulation of various gases above the slurry level. The actual gas composition depends on slurry composition, percentage of "lling, temperature and relative humidity (Voorburg, 1989) . Table 4 contains concentrations of gases measured above the slurry level (Zevenbergen, 1986; Cincotto & Hirata, 1987; Svennerstedt, 1991; Uenk et al., 1993) . Uenk et al. (1993) found that, after mixing, CH and CO concentrations increased to a level of two to three times higher than the level before mixing took place. Hydrogen sulphide concentration increased by a factor of 100}1000, whereas NH concentration was two to "ve times lower. 
* According to the Kjeldahl method. Table 4 Concentrations of gases as a % v/v measured above the slurry level; 0)001% ‫؍‬ 10 p.p.m. (Zevenbergen, 1986; Cincotto & Hirata, 1987; Svennerstedt, 1991; Uenk et al., 1993 )
Chemical component
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Horticultural buildings
In greenhouses, there is a trend towards &closed-circuit' houses (Bakker et al., 1995) . The main goals are improved climate and insect control and reductions of energy, nutrient and pesticide losses to the environment. Liquidtight concrete #oors are increasingly used in automated pot plant production (Swierstra & van den Elzen, 1993) . Irrigation water is recirculated and periodically disinfected. FreH nay and Zilverberg (1993) mention that the water quality depends on pH and concentrations of carbonate, sodium, chloride, nitrogen, iron, manganese and nitrate. The pH value of the water ranges from 5)5 to 6)0, with extreme values down to 4)5. Salts may accumulate, especially in case of recirculation. Cleaning agents for concrete #oors and water pipes like nitric acid may locally cause a pH value of 2 for a maximum period of 24 h. This implies that the top layer of concrete #oors must resist the following chemical and mechanical loadings during its lifetime: water with nutrients, low pH values, local peak salt concentrations, cleaning agents, weather conditions (e.g. erosion, temperature variations due to frost and sun radiation), deformations (e.g. settlement in the sub-soil, temperature di!erences) and loads (e.g. tra$c loads). Structures in contact with groundwater with dissolved salts can be a!ected by crystallization. The primary mechanism is accumulation of salts, activated by the wetting and drying which takes place at the surface of the structure. The volume of crystallized salts is nearly always greater than the volume of original salts, leading to internal pressure. The protective layers of structures, for instance plaster, can loosen from the surface which can then be damaged further (CUR, 1984 (CUR, , 1985 .
Road coverings
Farmyards and drives are subjected to similar conditions as ordinary public concrete roads, e.g. sun radiation, frost, thaw and heavy wheel-loads (Bakker, 1986; FreH nay & van Ooijen, 1993) . Furthermore, the coverings must resist the corrosive e!ects from manure, de-icing salts and fertilizer, for example. By careful design, contact with aggressive substances, such as silage e%uent, can be avoided. An example is the construction of a gutter and underground storage accomodation in front of a sloping silo #oor. All the e%uent is then drained towards the store to prevent contact with the concrete of the road covering. Tra$c load is usually the most severe loading condition. However, as farm roads are only used for the transport of livestock (and their associated wastes) and harvest products, those loading conditions are mostly less severe than for other roads. Hard top roads can be made of gravel, concrete or asphalt. If considerable Table 5 Regression equations for predicting e8uent production
Source Equation
1. Bastiman (1976) y"767!5)34x#0)00936x 2. Miller and Clifton (1965) y "26)962!1)576x #0)02304x 3. Sutter (1955) y"669)4!22)4x 4. Weissbach and Peters (1983) y "898}2)27x #133)54 ln (z)
x, herbage DM in %; x , DM of ensiled material in %; x , herbage DM in g/kg; y, volume of e%uent produced in l/t herbage ensiled; y , total ensiled DM lost as seepage in %; y , e%uent produced in kg/t ensiled material; z, average pressure in kg/cm. di!erential settlements are expected, precast concrete elements can be a good option.
Storage systems
Fodder conserved under anaerobic conditions as silage is one of the main dietary components of winter feed for cattle in Europe. Approximately 160 million tonnes of silage dry matter was produced in Western Europe in 1994, the predominant silage type being grass silage (Wilkinson et al., 1996) . When grass is ensiled under anaerobic conditions, only a small number of types of anaerobic bacteria survive with a predominance of lactic acid bacteria. These bacteria ferment naturally occurring sugars and produce a number of acids with the main acid being lactic acid. When crops with a dry matter of less than 30% (wb) are ensiled silage e%uent is released (Bastiman, 1976) . The biochemical oxygen demand of silage e%uent is typically 60 000}80 000 mg/l and the pH is frequently in the 4)0}5)5 region but may be as low as 3)5.
Most silage is stored in tower silos or horizontal concrete silos, either bunker silos (base slab plus walls) or a base slab only (FreH nay & Zilverberg, 1993) . The dry matter content of fresh, compacted silage is about 18}24% by mass. The e%uent produced during storage of, for example, grass and maize is typically drained towards the front of the base slab, collected and pumped into a storage pit or tank (Sangarapillai & Dumelow, 1993; O'Donnell et al., 1995; Kramer & Braam, 1997) .
The quantity of e%uent produced depends on the dry matter of the crop ensiled, the pressure/consolidation conditions in the silo, the forage type and pre-treatment of the crop, e.g. chopping. O'Donnell (1993) mentions that the amount of silage e%uent produced, as well as its #ow pattern, is ultimately dependent on the silo and the silo drainage system. Factors controlling the drainage from silos are the pressure within the silo, the permeability of the material and whether or not drainage channels are provided. Nilsson (1991) describes the theories of silage e%uent production and he points out the importance of the pressure conditions. Total e%uent production from horizontal silos can range from 0 to 500 l/t of herbage ensiled (DAFF, 1985) . Values of 150 l/t for grass ensiled at 18% dry matter (DM) are typical. Dry matter concentration is a!ected by the plant species and maturity, dew and rainfall, as well as fertilizer treatment (Stewart & McCullough, 1974) . Grass over 30% DM ensiled in horizontal silos can be expected to produce little or no e%uent (Bastiman, 1976) . The close correlation between e%uent production volumes and DM has resulted in predictive equations being put forward by some researchers (Bastiman, 1976; Miller & Clifton, 1965; Sutter, 1955; Weissbach & Peters, 1983) (Table 5 ). The "rst three equations relate e%uent loss to the DM concentration of herbage, while the Weissbach and Peters (1983) equation has an extra term to account for the e!ect of compaction due to height of storage. Equations (1) and (3) in Table 5 were derived from horizontal silos while Eqns (2) and (4) were from tower silos. The variation in the values predicted by the equations may be attributed to di!erent ensiling techniques and conditions. Pre-treatments of the crop prior to ensilage usually have only minor e!ects on e%uent production. Preservatives, such as formic acid and molasses have been found to increase e%uent production (Stewart, 1980) , but the e!ects are not consistent (O'Kiely, 1990) . Pedersen et al. (1973) obtained a 25% increase in e%uent volume with the inclusion of formic acid at a rate of 0)25% of the fresh weight of the grass. Data from O' Kiely (1990) suggest that formic acid has no e!ect on total e%uent volumes produced over extended periods. The increase in e%uent #ow rate in the days following ensilage caused by acids may lead to the impression that volumes of e%uent are actually greater. It is not clear whether chopping the herbage has any e!ect on e%uent production, but, if any e!ects are present, they are certainly minor.
For other forage types, typical values for e%uent production are 10}50 l/t for pressed pulp, 50}100 l/t for maize and 100}150 l/t for brewer's grains (FreH nay & Zilverberg, 1993) .
Fertilizer can also be stored on slabs. It may contain considerable amounts of nitrogen (up to 46%), phosphate (P O of up to 45%), potassium (K O of up to 60%), calcium (CaO of up to 55%), magnesium (MgO of up to 25%) and sodium (Na O of up to 5%). In horticulture, liquid fertilizers containing elements such as Ca>, Mg>, K>, PO\ , SO\ , CO\ or NO\ are increasingly being used (Swierstra & van den Elzen, 1993) .
Potatoes are stored at temperatures of about 53C and may be treated with fungicides containing acids or chlorides. Sprout suppressants contain chloride. Resistance of the storage structure against mechanical damage, for instance by loadings by lift trucks, should be taken into account (Monteny et al., 1998) .
Timber Structures
Structures and materials
Timber is available locally throughout every country in Europe and has always been widely used as a building material for temporary and permanent agricultural buildings (Dolby et al., 1988) . Constructional timber structures in European agriculture can be classi"ed into:
(1) free span trusses, (2) post and beam constructions and (3) frames and arches. Free span trusses can be supported either by a timber wall framing consisting of hinged studs or posts or by "xed posts in the ground. Structures containing posts and beams consist of either beams supported by hinged or "xed posts or rafters supported by posts in combination with girders. Rigid frames and arches can be manufactured in many ways including solid timber, glued laminate, round wood or box beam. The structures can be assembled at the factory or on the building site (Dolby et al., 1988) . Walls and roofs of timber structures can be covered by wooden board materials, such as solid wood, plywood, particleboard and "bre building boards. Wood has the advantages of relatively low tooling costs compared with those for competitive materials, a high strength to weight ratio, an excellent thermal insulation and unique aesthetic properties (Richardson, 1993) .
¹imber degradation
The main causes of timber degradation are either biological or due to weathering.
Biological degradation
Biological degradation mainly consists of fungal decay and insect attack (FAO, 1986; Dolby et al., 1988; Richardson, 1993) . The durability of each timber species depends on the surrounding environment and the building construction. Inside farm buildings, there is often a high relative humidity. Animals produce moisture and the storage of potatoes and vegetables requires high humidity environments. The moisture content of wood varies with the air humidity and, if condensation occurs, the moisture content increases dramatically. High moisture content allows fungi to grow (Dolby et al., 1988) . Normally, the low nitrogen content of wood (C}N ratio '200 : 1) is a limiting factor for the growth rate of di!erent decay organisms (Bjurman, 1988) . A high nitrogen content in wood caused by contact with manure and urine thus means an increased risk for decay activity by microorganisms. (a) Fungal decay Fungal decay is the biological degradation which causes most damage in farm buildings, reducing the strength of timber by removing lignin and cellulose (Dolby et al., 1988) . The growth of fungi demands heat, oxygen, nutrient and moisture. The temperature must range between 0 and 403C (Dolby et al., 1988) with an optimum at 20}323C (FAO, 1986) and the moisture content (expressed as a percentage of the oven dry weight) between 30 and 120% (20}200% according to FAO, 1986) . Oxygen and a su$ciently low pH value have to be present for fungal growth. Fungal enzymes may function only in acid conditions, so that wood with a high pH may have excellent resistance to decay. Furthermore, the spores of most wood-destroying basidiomycetes germinate most reliably in slightly acid conditions (Richardson, 1993) . Advanced stages of fungal decay are recognized by the brittle nature of and colour change in the wood. In the early stages, decay is not easy to recognize, but the wood is softer than normal wood, which can be tested by prising up a splinter with a pen knife (FAO, 1986) . Three kinds of fungal decay can be recognized: brown rot, white rot and soft rot, the former two belonging to the basidiomycetes and the latter to the ascomycetes and fungi imperfecti. In recent decay tests by Worrall et al. (1997) with 98 isolates of lignicolous fungi, the validity of those three generally accepted major decay types was con"rmed. Wilcox and Dietz (1997) report for aboveground wooden structures in California the e!ects on distribution of decay of the type of structure, location in the structure, structure age, sub-structure construction and type of siding. They found that structures with slabon-grade and stucco siding appeared to be the most vulnerable to decay.
Recent research mainly enhances the understanding of how speci"c fungi act on di!erent types of wood under a variety of conditions. Di!erent measures to quantify the degree of decay are investigated. Methods to distinguish between fungi are proposed. Worral et al. (1997) could distinguish the di!erent decay types based on chemical (lignin loss and alkali solubility) and anatomical criteria (shape of erosion channels and pit apertures). Anagnost (1998) presents light micrographs of the anatomical features of fungi to facilitate easy identi"cation. Clausen (1997) reviews diagnostic methods for detecting incipient wood decay in vitro and in situ that have been developed during the past decade, using antibodies to target fungal antigens.
Brown-rot occurs most often in buildings. Brown-rot fungi can degrade only the cellulose and hemicellulose (Richardson, 1993) part of wood by the action of radicals, leaving the lignin largely unaltered so that the wood acquires a distinct brown colour and the structural strength is almost entirely lost (Richardson, 1993) . Certain brown-rot fungi, such as Gloeophyllum sepiarium have been reported to have a bleaching e!ect on mahogany, instead of causing the usual brown coloration (Ejechi et al., 1996) . These researchers hypothesize that laccase produced by the fungi may be partly associated with breakdown of decay-retarding pigmented extractives of the timbers. A review of Green and Highley (1997) about the mechanisms of brown-rot decay points out that, despite increased research e!ort, the exact mechanism of brownrot decay remains unclear. The authors state that many beliefs about brown-rot decomposition of wood are based more on tradition or conjecture than on facts and that sometimes misconceptions have become near dogma.
Brown-rot, for example, can be true dry-rot fungus, cellar fungus or pore fungus. Dry-rot fungus (Serpula lacrymans) can cause severe brown rot with pronounced cuboidal cracking (Fig. 1) . It can be entirely internal and concealed in beams and can spread to dry wood in unventilated conditions as the fungus is able to transport adequate water through the rhizomorphs (Richardson, 1993) . Sienkiewicz et al. (1997) studied the sensitivity of the dry-rot fungus to higher temperature regimes, since this fungus has a maximum growth temperature of only 283C. They found that this basidiomycete undergoes the classic heat-shock response, with the production of heatshock proteins. Pore fungus (Antrodia serialis) is less widespread than dry-rot fungus and attacks only softwood. Cellar fungus (Coniophora puteana) is usually found in very damp situations, such as cellars, solid #oors and roofs (&wet rot'). Bjurman and Viitanen (1996) studied the e!ect of wet storage of wood on the development of Coniophora puteana in pine and spruce sapwood with di!erent moisture contents. Colonization and decay of spruce wood, as measured by ergosterol analyses and mass loss, was slower in wet-stored wood than in nonwet-stored wood. There was a low correlation between the colour of extracts of decayed material and the mass loss values.
(ii) =hite-rot
The white-rot fungi can degrade cellulose, hemicellulose and lignin by the action of enzymes or other bioactive agents. The degradation by enzymes could be supported or preceded by radical reactions (Dolby et al., 1988) . White rots leave the colour of the wood largely unaltered but give a soft felty or stringy texture. The decay pattern can be di!erent in di!erent wood species (Levin & Castro, 1998) .
Soft-rot is caused by di!erent types of mould fungus (ascomycetes and fungi imperfecti), which attack the surface of hardwoods and softwoods. It is favoured by wet situations but is also prevalent on surfaces that have been alternatively wet and dry. Soft-rot fungi utilize preferably carbohydrates, but also degrade lignin (Liese, 1987) . They grow within the cell wall, instead of degrading it from the lumen.
(iv) Sapwood blue staining fungi
There are a number of wood staining fungi producing a wide range of colour e!ects, but by far the most important is the blue stain or sapstain. When wood is a!ected by a mass of its brownish hyphae (the minute strands comprising the growing tissue of the fungus) di!raction gives it a blue or black coloration. Sapstain mostly occurs in freshly felled green wood and was formerly believed to be comparatively unimportant in ordinary construction material as it &does not destroy the wood cell or cause any structural damage' (Richardson, 1993) and &gives only rise to discolorations without noticeably affecting the strength and the texture' (FAO, 1986) . However, Encinas and Daniel (1996) studied in the laboratory seven strains of the sapwood blue staining funguş asiodiplodia theobromae for their ability to produce cell wall degradation in di!erent hardwoods and softwoods. Degradation was determined using weight loss after one to six months and by optical and electron microscopy observations. Encinas and Daniel found that all¸. theobromae strains produced signi"cant weight losses in the investigated wood species after two months. Bardage and Daniel (1997) showed that blue stain fungal isolates (Aureobasidium pullulans and Sclerophoma pityophila) were faster in penetrating micropores of 0)2 and 0)4 m in diameter compared to brown and white rot. None of the tested fungal isolates were able to penetrate polycarbonate membranes with micropores of 0)1 m or smaller. Rapid erosion and penetration through membrane "lters Richardson, 1993) of regenerated cellulose with pore size 0)2 m suggests that the fungi secreted cellulolytic enzymes. As blue stain fungi were able to penetrate micropores of very small dimensions (i.e. 0)2 m) they would be able to penetrate through paint "lms on wood without the aid of extracellular enzymes.
Fig. 2. Examples of insects causing damage in farm buildings (top from left to right) bostrychid powder post beetle (Apate capucina), lyctid powder post beetle (Lyctus brunneus), common furniture beetle (Anobium punctatum), deathwatch beetle (Xestobium rufovillosum); (bottom from left to right) house longhorn beetle (Hylotrupes bajulus), worker and soldier of the termite Reticulitermes santonensis, carpenter ant (Camponutus herculeanus) (after
(b) Insect attack Most of the wood destroying insects are species within the groups beetles, bees, ants, wasps, moths, #ies and termites. Wood is primarily food for insects, but can also be used as a place to live. Examples of insects causing damages in farm buildings are the furniture beetles (Anobids) with the common furniture beetle (Anobium punctatum) and the deathwatch beetle (Xestobium rufovillosum), house longhorn beetle (Hylotrupes bajulus), powder post beetles (which can be divided into two subfamilies, the Bostrychids and the Lyctids) and carpenter ant (Camponutus spp. ) (Fig. 2 ). An overview of the di!erent wood-borers, and some methods for identi"cation of borer damage is given by Richardson (1993) . Termites are widespread in tropical and subtropical countries, but are encountered as far north as France. The rate and severity of their attack make them a serious pest and economically signi"cant wherever they occur (Richardson, 1993) .
They lack cellulase in their digestive enzymes, but still they are capable of very e$cient cellulose digestion due to the enzymes produced by protozoan intestinal symbionts, by the use of fungal gardens in their nests to convert cellulose into a digestible form, or by living from wood that is already infected by fungi or bacteria (Liese, 1987; Richardson, 1993) . (c) Bacteria Bacterial growth can be an important decay factor in parts of farm buildings. Some bacteria cause decay types, which are similar to soft-rot attack. Others cause decay by erosion from the lumen, such as the white-rot and brown-rot fungi (Bjurman, 1988) . Especially the anaerobic bacteria can grow under conditions which are unsuitable for fungi. Only during the last decades, the significance of bacteria as wood-degrading agents has received increased attention. Strains are isolated and characterized with regard to their physiological and biochemical properties (Liese, 1987) . For most of them, ligni"cation of the woody cell wall acts as a natural barrier in gaining access to cellulose. The heartwood of several, especially tropical, trees exhibits a high natural resistance due to the presence of toxic compounds belonging to the group of stilbenes, tropolones, #avonoids, etc. The persistence (Dolby et al., 1988) .
=eathering
Weathering in#uences all wood types and wood exposed to weather changes both in colour and in surface structure (Dolby et al., 1988) . The change in colour depends on the type of wood and the exposure to sun and rain, but with continued exposure all woods turn grey. It is a very thin grey layer, which is created of degraded cellulose "bres and microorganisms. Unprotected wood exposed to alternate wetting and drying develops case hardening, checking, and lifting of the grain (FAO, 1986) . Boards tend to warp and pull out their fastenings. Warping can occur, for instance, because the parts of a board sawn through the outer part of a trunk (particularly the sapwood) shrink to a greater extent than the inner zones of the trunk, or because radial shrinkage on drying is less than the tangential shrinkage (Richardson, 1993) . Freezing of water in pores assists in breaking down surface layers, as does the abrasive action of wind-blown sand and chemical changes induced by ultraviolet radiation (FAO, 1986) .
¹imber preservation
If structural wood deteriorates, the expense incurred is not con"ned to the cost of its replacement and the additional cost of labour required, but it also involves the perhaps much higher cost arising through structural failure and the costs due to disruption caused whilst services are interrupted during repair and replacement. Therefore, durable design, proper maintenance and chemical preservation deserve attention.
Durable design and proper maintenance
The simplest method to avoid deterioration is to use only naturally durable wood (Table 6) . A good description of di!erent timbers, their mechanical properties, durability and applications is given by Wiselius (1996) . High density and dark colour of the wood are often connected with high durability (Liese, 1987) . Durability is almost invariably con"ned to heartwood (the central core of the trunk consisting of dead, darker coloured, ligni"ed cells), but the elimination of sapwood (the xylem or living, sapconducting cells between the cambium and heartwood), coupled with the selection from a very limited range of truly durable species, implies high costs. The greater natural durability of heartwood over sapwood is attributed primarily to chemical changes that take place when and after the sapwood is transferred to heartwood (FAO, 1986) . During this transformation, tannins and other coloured substances are deposited in the parenchyma cells. These deposits in the heartwood cells reduce their porosity and are often signi"cantly toxic. They also tend to make heartwood more stable and resistant to swelling and shrinkage with changes in moisture content. Generally, the higher the proportion of extractives, the greater is the durability and darker the colour of the heartwood. However, lightly coloured heartwood does not necessarily denote a lack of durability. Owing to the high cost of naturally durable species, usually wood species are selected for their physical properties and then precautions are taken to avoid deterioration (Richardson, 1993 ). This includes designing against degradation and the use of chemical wood preservation.
A durable design can imply the speci"cation of larger dimensions, the use of well-&seasoned' (dried) timber, and good detailing to keep wood dry, e.g. elimination of pockets of water, suitable ventilation, incorporation of overhanging eaves, damp-proof membranes where wood is in contact with the soil, and protection of the ends of timber from rain (FAO, 1986; Richardson, 1993) . Wood posts resting on concrete #oors should be protected from #oor moisture by placing them on raised concrete bases. Dietz and Wilcox (1997) and Wilcox and Dietz (1997) found direct similarities between the decay fungi isolated from buildings in California and those isolated from commercially available construction timber. They presume that a large amount of decay stems from the use of pre-infected green timber in construction. Kiln-drying and subsequent proper handling is therefore of major importance. When constructing a building in an area where termites are a problem (especially in tropics and subtropics), whenever possible all timber should be isolated from the ground with steel shoes, plates, posts or with a concrete base. Also special termite shields can be installed or poisoned soil can be applied around the perimeter of the building (FAO, 1986) .
Not only a durable design but also proper maintenance may help to increase the life of wood structures. Boehm (1998) mentions the importance of cleaning and disinfection in animal houses. Disinfectants which are tested for their activity on wood should be used. Depending, of course, on the kind of material, cleaning gives a 1000-fold reduction of total bacterial count on the surface and disinfection another 1000-fold reduction.
Chemical preservation
If the timber is to be impregnated with a preservative solution, it is essential that it is seasoned (e.g. air seasoning or kiln seasoning) to remove the water in the cells. For impregnation, moisture contents of around 25% are suitable but lower values are desirable in the case of surface application (FAO, 1986) . Any cutting, boring or machining operations should be carried out before preservative treatment is given. Preserving processes may be grouped into pressure or non-pressure processes and are described more in detail by di!erent authors (FAO, 1986; Richardson, 1993) .
Among the requirements of an e!ective wood preservative, the following characteristics are the most important (FAO, 1986) : high toxicity or repellent action towards wood destroying organisms; permanence in the treated wood (non leachable for wood exposed to rain); ability to penetrate deeply into the wood; harmless to wood; non-corrosive to metals which come into contact with the treated wood; odourless, colourless, paintable, glueable, moisture repelling; and cheap and plentiful.
Wood preservatives are commonly classi"ed into four main groups: (a) oily type, (b) non-"xed water soluble type, (c) "xed water soluble type, and (d) organic solvent type.
(a) Oil based preservatives
Creosote oil, the lighter fraction of coal tar, assures a good protection from borers, termites and fungal decay (FAO, 1986) . In fact, it contains several hundred woodpreserving substances (Liese, 1987) . Its depth of penetration is easily visible, it does not easily leach out or evaporate, it provides extra protection against moisture content changes and thus splitting of wood, and it is not corrosive to metals. However, it has its single disadvantage that treatments are relatively dirty and treated wood cannot be painted. For housing, creosote cannot be used due to its intensive smell. In recent years, the health risks associated with carcinogenic benzopyrenes in creosote have been more closely scrutinized. The benzopyrene content can be limited by using only creosote distilling at higher temperatures (Richardson, 1993) . Also other tar oils and mixtures are used as preservatives. (b) Non-,xed, water soluble preservatives Among the non-"xed water-soluble preservatives are borax and boric acid, sodium pentachlorophenate, copper sulphate, mercuric chloride, sodium #uoride and zinc sulphate. Most commonly used are the boron compounds, which are highly e!ective against fungi and insects. Since they are not "xed, however, treated wood cannot be used in contact with the ground or other wet conditions. Recent research on biguanide derivatives of boric acid, BBC and BGB, has shown that BGB can be successfully polymerized by an acid-catalysed condensation reaction in order to "x the boron heterocycle in a water-insoluble form (Anderson et al., 1997) . Bioassay of this polymeric product in both leached and unleached radiata pine sapwood showed that the antifungal properties were largely retained. Also phenylboronic acid (PBA) appeared to be considerably resistant to water leaching (Yalinkilic et al., 1998) and treated wood was resistant to white-and brown-rot fungi and subterranean termites. Another solution to retard the leaching of boron from treated timber is to use protein borates and in particular albumin borate (Thevenon et al., 1998) . Boric acid is "xed by the protein by a partially reversible mechanism involving acid}base salt formation and the formation of additional boric acid/protein complexes. Pizzi and Baecker (1996) suggest a boron "xation mechanism based on a novel reaction in which boric acid induces autocondensation of #avonoid tannins and is partly "xed by these tannins.
(c) Fixed, water soluble preservatives
The "xed water soluble type, mainly for external use, contains mixtures of copper, chromium and arsenic salts, commonly called CCA. Wood treated with CCA has been shown to remain una!ected by fungal decay or insect attack over long periods, even under very severe conditions of exposure. A copper cation and a chromate anion appear to preserve the cellulose and the lignin, respectively (Richardson, 1993) . In addition to CCA, there are many other formulations containing copper, chrome and/or arsenic in combination with other elements. Normally, water-borne preservatives without chromium are leached out by rain or in ground contact. Chromium containing mixtures are resistant to leaching after a four week period of "xation (Liese, 1987) . The biggest criticism is the poisonous nature of these salts, specially those containing arsenic. Arsenic containing preservatives therefore, are, not recommended for animal houses. Cattle have been poisoned as a result of licking treated transmission poles and fence posts, although this normally occurs only in areas where there is a natural salt de"ciency and the danger can be avoided by using proper salt licks and using only highly "xed preservatives (Richardson, 1993) . Scalbert et al. (1998) propose impregnation of the wood with tannins to obtain good retention of copper. Tannins act as natural preservative agents in many plant tissues, but their low toxicity prevents their use as wood preservative on their own. However, they can "x biocides such as copper because of their excellent chelating properties. The role of copper in wood preservation is discussed more in detail by Nicholas et al. (1997) . Morrell et al. (1998) found that #uor-chrome arsenic-phenol provided excellent protection to decay.
(d) Organic solvent preservatives
Organic solvent type preservatives consist of active chemicals ((10%) dissolved in a volatile organic solvent such as petroleum distillate. As these solvents have low viscosities, the preservatives are particularly suitable for super"cial application by brush, spray and immersion. Important preservatives are pentachlorophenol, lindane, dieldrin, tributyl tin oxide (TBTO), copper 8-quinolinolate and copper napthenate. In several countries, however, the use of dieldrin and other organochlorides is banned. Highley and Sche!er (1998) found in a long-term test initiated in 1958 that pentachlorophenol dip-or brushtreatment was markedly more e!ective than copper naphthenate (1% Cu) on unpainted pine and hemlock post-rail units. There was no evidence that type of oil carrier or incorporation of a water repellent improved e!ectiveness of treatment. Xie et al. (1995) suggest that ammoniacal copper wood preservatives can form stable copper}nitrogen}lignin complexes through reaction with guaiacyl units in lignin. The e$ciency of several new groups of organotin compounds against wood destroying fungi (Serpula lacrymans, Coniophora puteana, Coriolus versicolor) was tested recently by Fargasova et al. (1997) . They found that the best results were obtained from tributyltin dithiocarbamates, especially from tributyltin N-pyrolidine dithiocarbamate and tributyltin N, N-dialkyldithiocarbamate propionate.
This list of preservatives is far from complete and many more are described, for instance, by Richardson (1993) . FAO (1986) lists several speci"cations and standards relating to wood preservation. Recently also, impregnation with polymers has been tested for conservation and consolidation of timber. Solpan and Guven (1999) used allyl alcohol (AA), acrylonitrile (AN) and methyl methacrylate (MMA) monomers and their mixtures to impregnate beech and spruce. After impregnation, copolymerization and polymerization were accomplished by gamma irradiation. Scanning electron microscopy (SEM) revealed that the copolymer obtained from the AA#MMA mixture showed optimum compatibility. At highest conversion, the compressive strength perpendicular to the "bres increased approximately 100 times. Water uptake capacity decreased by more than 50% and biodegradation did not take place.
The increased demand for environmentally benign methods for preserving wood has led to research into the precise sequence of the biochemical events that occur as wood is colonized. Green et al. (1997) hypothesize that in situ precipitation of existing calcium ions in association with pectin in wood may prevent the cascade of biochemical events evolved in fungal colonization. Preliminary experiments showed that pretreatment of wood blocks with the selective water-soluble calcium-precipitating agent N, N-naphthaloylhydroxylamine (NHA) inhibited decay caused by brown-and white-rot fungi as well as damage caused by eastern subterranean termites. Also, the higher mentioned protein borates (Thevenon et al., 1998) are said to be environment-friendly, since they are only composed of boric acid, a non-toxic to mammals biocide, and a non-toxic, natural, sometimes waste material, namely a protein. The same would be true for the boron "xation utilizing tannins (Pizzi & Baecker, 1996) . Ejechi (1998) found that biodegradation was markedly reduced in wood treated with urea and ureolytic bacteria (Proteus sp. and Bacillus sp.). Inhibition of wood-rot fungal activity is attributed to production of ammonia by the bacteria and the stress imposed by the resultant alkaline pH. This would imply that the presence of ammonia in animal houses could actually reduce fungal attack. In a di!erent investigation, Ejechi and Akpomedaye (1998) found that a combination of Proteus sp. and ¹richoderma viride not only prevented the growth of all fungi, but also provoked a killing e!ect. This was ascribed to the high pH due to ureolysis and to ¹. viride inhibitory metabolites.
¹esting methods for wood preservatives
Normal laboratory testing methods involve the establishment of a toxic limit, and the retention of the preservative at which a fungus is just controlled (Richardson, 1993) . On a treated surface, spores have little spare energy and germination is thus readily prevented, resulting in a low toxic limit. A slightly higher toxic limit is generally found if a limited energy source such as malt agar is provided. The maximum reliability for any preservative system is ensured by the more realistic feeder block tests, where the fungus is spreading from an untreated wooden block, which provides a considerable energy reserve. On the other hand, the practice to test preservatives by dispersing them in malt agar and exposing them to fungi is completely unrealistic as toxicants may be detoxi"ed in the process of "xation in the wood (Richardson, 1993) . Moreover, a fungus that is well-established on untreated wood may tolerate the absorption of a toxicant, perhaps by converting it into a non-toxic form. Thus in wood treated with a copper naphthenate solution, copper can be de-toxi"ed by the formation of copper oxalate (Richardson, 1993) .
Laboratory tests are generally used to assess the preservative activity of newly developed formulations, while preservative approval systems are generally based upon extended stake trials in natural ground contact conditions. It is di$cult to compare laboratory and "eld tests. It seems that no "xed conversion factor can be determined (Wiselius, 1996) . Di!erent durability classes for laboratory trials and the corresponding estimated life in ground contact are presented in Table 7 . Bekele et al. (1996) determined a durability factor (DF) to compare the resistance of examined species after a short exposure to ground contact. This DF is calculated from the impact strength or modulus of elasticity losses of exposed test stakes. The ranking based on the DF was similar to that based on visual evaluation and mass losses obtained in "eld and laboratory tests. Fujihara et al. (1997) expressed the changes of bending strength of structural lumber due to fungal decay by the ratio of the moduli of rupture before and after the decay tests. The changes in bending strength of wood specimens because of decay were more drastic than those of sound wood specimens of which the cross-sectional area was arti"cially reduced by machine planing. Gui et al. (1996) developed a miniature mechanical test apparatus for determining the modulus of elasticity and crushing strength of small wood specimens. Test results show that progressive softrot attack can be accurately measured by changes in modulus of elasticity. Tests on use of the apparatus to monitor the amount of basidiomycete decay in soil block tests are underway.
Conclusions
Agricultural environments can be very aggressive to building materials and components. The materials used have to resist attack by acids, such as lactic and acetic acids from silage and feed residues and lactic acid from spilled milk. They can come into contact with urine and faeces, containing the aggressive ions Cl\, SO\ , Mg> and NH> and with high concentrations of gases such as H S (which may result in biogenic sulphuric acid corrosion), CO and NH . Products containing high concentrations of aggressive alkalines, ammonium or hypochloric acid may be used for disinfection. Stored fertilizers can cause degradation of materials in contact with them. In horticultural buildings water with nutrients, low pH values, local peak salt concentrations and cleaning agents have to be taken into account. Animal movements and high-pressure cleaning can cause surface erosion. Furthermore, attention has to be paid to loads and deformations.
It is clear that the durability of building materials and components in agricultural environments is an important aspect of design. Durable design is linked with economic considerations, animal welfare, pollution control and environmental aesthetics. In preventing corrosion losses, corrosion specialists can conserve the Earth's materials and energy resources, and improve the quality of life for future generations.
Timber has always been widely used as a building material in agricultural construction. However, the climatic conditions in animal houses and storage rooms for potatoes or vegetables are often such (high air humidity and optimum temperature for biological decay) that timber preservation is necessary. A high nitrogen content in wood caused by contact with manure and urine means an increased risk for decay activity by certain microorganisms. On the other hand, the presence of urea and ureolytic bacteria or ammonia in animal houses might inhibit wood-rot fungal activity.
This literature review reveals that little has been published about timber degradation in speci"c agricultural environments. Laboratory tests and "eld trials are mostly developed to simulate decay in timber that is in contact with the ground or in above-ground structures. When the activity of newly developed formulations is tested in the laboratory, care should be taken that realistic tests, for instance making use of a feeder block, are performed.
Recent research focuses on fungal decay and attack by insects and (seldom) bacteria on di!erent types of wood under a variety of environmental conditions (temperature, humidity, etc.) . It seems that the exact mechanism of fungal decay remains in many cases unclear and fundamental research in this "eld is still necessary. Also, the role of bacteria in the degradation process merits further investigation. Methods to distinguish between fungi are proposed. Di!erent measures to quantify the degree of decay are investigated. New diagnostic methods for detecting incipient wood decay in vitro and in situ are developed. New wood preservatives are being proposed continuously, including di!erent methods to retard the leaching of boron from treated timber and the use of monomers that are polymerized in situ. Attention is also paid to the design of environmentally benign methods for preserving wood in service. Wood preservatives contain toxic components and regulations should specify the precautions that are necessary to ensure their safe use.
